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introduction

Navigation of interplanetary spacecraft is acxxmq>lishcd  by fitting several different data
types to a model of the forms affecting the spacecraft ml cmr sources which affect the
datti. Scvcraltyj>cs  ofra(liolllctric  (lat:i:i]cc  ll]lcl]tlyi]l  L]sc,sll cl] astwo-wayl~o~l])lc],
two-way range and IJclta  IJiffcrc.ntial  One-way kmgc  (AI X) R). Of these, IxJpplcr  data,
which mcasLwcs  clmgcs  in range along the line-of-sight (0 the spacccraf[,  has been highly
reliable and is general 1 y the coracrslonc  of deep space navigation systems ‘1 ‘hc prcci sion of
two-way IX@cr data varjcs  (icpcnditlg  on the uplink and downlink  frcqucncics,  the
dislancc  to the spacccrafi,  and the signs]-to-nojsc ratio, but it can bc as good as ().2 rends
over 60 sc.cmd  mcasurcmcnt  intcrvds.  1 lmvcvc.r,  the data arc riwc]y usc(t at this ICVC1  duc
to limitations in modeling various crmr smrccs ancl in computational capablilitics,
Recent] y, dvanccs  have. been made in nmicling  the prjncipai  Ilopplcr  mcasurcmcnt  cmr
sources, ami with the acivent  of hip,}) spccci  workst  at ions avai iablc 10 ft ight projects, t hc
possibj]it  y arjscs of improving the navigat  im pcrformmcc  of l)opp]cr  (i at a. 1 irrc)r anai yscs
have shown th:it  substantial improvements arc thcmcticaily  possib]c,  but the real vali(iatim
comes from testing the proposcci  innovations  in ac[uai flights. ‘1’his paper pre.sct]ts rcsLIlts
from a cicmcmstraticm of a ncw scquc.nt  ial filter nmict  find {iata  rc(iuct  ion tcchniquc,  [iubbc(i
the “cnhanccct  filter”, pcrformc(i  with ra(iio  tracking (iata obtaimxi from the (iai  ilco
spacecraft. ‘1’wo cases arc (icscribc.ci,  onc from ti~c. 1 ku”th-2  f] yby of l>cccmbcr  8, 1992, ami
tim othcl’  from tile approach phase of the asteroid l(ia Cncmlntcr, which occm”cci  on August
28, 1993.

‘1’1]0 Galileo Mission

‘]’hc Ciali]co spacecraft was ]aunc]lc.(i on Oclobcr  18, 1989 towar(is  Jupikr  using a Vcnus-
1 iarth-] Ml) Gravity Assis[ (V1 H iGA) trtijcctory. On 1 lcccmbcr 8, 1992, the spacecraft
ficw by the Ikrth  at an altitu(ic of 303 km cm the final  gravity assist which propcllc(i it 10
Jllpjtcl”.  lhrjng  the 1 iartll-Jupiter cruise phase of the mission, the spat.ccraft cnccmntcrcd
tile astcmi(i  l(ia. ] ‘or each of these events, cst imatc(i  of tile spacecraft trajcctmy  were
ncc(icci  to cicsign  the targeting maneuvers.

I)UC to the fi~ilurc of ti~c } ]igh Gain Antenna (1 lGA)  to deploy, the spacecraft navigation
was accmnpliski  using the 1.OW Gain Antenna (1 .GA). ‘Mc data from the 1.GA cmsistcci
of two-way IX@cr, two-way range, aINi AIX)l<  ciatii  points acquirc[i  at S-ban(i
frcqllcacjcs.  ‘1’hc AIX)R  (iata augmcnls  the 1 lopplcr  ami range by provi(iing information in
tim (iire.clions pcrpcmiicular  to the 1 inc-of-sight  to ti~c spacecraft. ‘1’hc  opcrat imal tr:ijcctory



solu[icms  which used AIXI1< da[a provided onc basis for comparison wi[h the rcsu]ts
obtaiacd  using Ihc mhanccd  filler mode.1.

Orbit (iclcrmina[ ion accuracy js hcavil y (icpcn(icn(  on [k mmicls  usui  [0 rcprcscn[  [hc
spacccraf[’s  orbi[ w](I the mm sources affccl  ing t hc (ifit fi. ‘]’]lC fO1’Ce. lllCKiC]S  LISC(i [0

jiltcSl:itct  lletl.ajcctoryit  lclLlcicll  lc~la\~jttitio]~al  at(l:icti[)]]o  f[l]csllt],l  ll()C)ll:  iI]Citllc1]itle
}]l:ltlcts,  solalla(iiati[Jll]  >rcssLlrc,at  ](isj~accclafl}>  ]c)J>L]lsivccvcll ts. Iillorsolllccsaffc.c[illg
the (iata inclmic path lcngtb  (iclays (iuc to the ttoposphcrc  anti imospbcrc.  ami crews
associatc(i  wjth IX$N station locations. Opcratiomlly, cstimatc(i  parameters (pmmctcrs
wllicll v’crca(ijllslc(l  tool> t:ii[lthcbcst  lc.:ts[-s(]ll:ircs  fit tothcciata)  jllcll]dc.dtllcs[:~tc,
specular ami (i] ffusc values for solar  ra(iiatim  pressure, an(i three Car[csian  velocity
c{~l]l]~ol]c.l~[sof;ill  ]~](~]~lllsivccvcl]ts.  ~:()]~si(iclc(l]  ~atalllc(e.]’s(} ~ztl”iil]]ctcls  wl]icl]c[)]ltliblltc
10 the formal uncerhtin[y  of the fit but arc not actually xijus(cd)  jnclu(ic(i  tropospheric mi
io]los]lllclic~  >atll(iclays,allci  sta(im l[)catio]ll  ]llcc]”[al][ics,

1 ‘or the mlmccci  filter, all the ccmsj(icr  paramclm  mcnt imcci above were p]acc(i  in the
cs[imatc]ist . ll]a(l(ii[ioll,  f(~Llrc)tllcl]  J:llalllclc]s,tll  rcc.fc) ]tllc()li  cl]tatiol](Jf[l  lccallllat]ci
[)l]crc~>lcsc.llti]  lglliasc.sil]  tllcl)()]>]~lclcallsc(il~y  solar plasma, wcrc:llsocs[illl:itc(i.
1 txccpt  for t hc stat ion local ions, al 1 were nmicl  ic(i  as cxponcnlid  i y corrclatc(i  process noise
wi[hzcromcan.  Al]a{cll-sc(]l]cl~tial  filter  algorithm wtis~]sc[it  c)]>clfc)r[lltl  ]cfit.

Results

‘1’hc  first tcs(  case w:is for the 1 %lh-2 cncmmtcr  ami uscci  a (iata arc starling  m Oc(obcr  15,
1992 an(i cn(iing on November 22, 1992. ‘1’i]cll(~]lj>lcrwcigll[  (~SSlllllC(i lllC~Slll’ClllCl)t

unccr[ain(y)  L]sc(iwi[l]  tl]ccl]ll:illcc(i fii{cl wastl.3  ]1]1]1/sovc]60sccoll(iii]tc.r\~ais.”  R a n g e
(iata wasalsofil[c(i using  awcigh(of  1 km. ‘I’llcrcslllts alcsllowlli  [n; igllrc 1 inthc  Jiarlh
B-plane.  Asaco]ll]}:irjsol~,  asolll[io]~  ~]si]]g  asla]lcial(if  iltcrwitlll  )o]~]~lcrw cigll[cciat2
1111]1/satl(iral]gcat  1 kllljs:ilso  sl]{~wll c)l]tllcfigl}]c.  It c:tlll>cs  ccllo]lt  l]cfigLlrctl]:lt  t h e
cflll]t}l]cc(i  lJC)]lj]lcr  scJl~]tiol]  cal]lccl()sclt c)(lc.tc]l]lil]  ii]gtllcactL]til  tr:ijcclory{  )ftl]cs ]~:icccl:~f[
ascomputc(i  by thcposl  flyby rc.coaslruc[ion  (also  shown on the figure) than the stamiar~i
l~()]>j>lc}sollltiol~.  Aciditiol]aliy,  tl]cclllla]~cc(i  filtc]r cstlltsi l]sll]alicrt  l]~ccrtai~ltics.

‘1’hcsccoa(i[cst  cascllsc(i  a(i:tt:i a]cwl]icl]s  tat[c(i(~]lli  cl>rll:i]y  10, 1993 aIIcic11(ic.dc)ll
Apri127,  1993. 'J`l]csolll[io]  ~w:is]~l:ij>]>c(i  t[)tllc  I(l:i13-l>1at~c.  ~)l~ccagail~, tllcl)o]>l~lcl
(iat:tfo]’tl]ccilllatlccci  filtcrwcrc.  wcigh(c(i at 0.3 mm/s. ‘Jihc range. (ia[a for this case was
wcightuiat  100m. 7`lJissol Lltioll  (sllc)wll  ill Iiigllrc 2)iscc)]]l]>:irc(i  witlltwoo  tl]crs; tl]c
first using  stamimi Doppler an(i range ciata  on] y, anci the scccmi  using  I )opplcr,  range ami
AI X1l-?(iata,  ltcallbc  sccl]fr()]ll tl~cfigL]lct  l~atl>otl]t  l]ccl~l]at]cccif  iltcls[ )llltio]latl(itllc
solu{ion usil~g  AIX)Rciata  agrccvcry  wcli wjthcachotbcr  with co]l~]~aral~lct l]]ccr[aitltics.
lloth  wc.rc also comistcnt  with the stamiarci  IMpplcr  ami range only solution, but the lat[cr
ha(i a much larger error c1 iipsc.

‘1 ‘hcsc t cst cases provicic  Ihc firsl vcf]jficalion  of the cnhancc(i  fi itcr mmicl in an opcrat  ional
mission. in ]3:il”[icllliir,  tllcsccol](i  c:lscsl]ow’stl]tit  tllcrcs~llts  (~l}t:til]c(i  t>yt}lis]llctl]o(i  arc
at least mnparablc  lotbat  provj(icxi  with AI X)I{ (itita,  without thccmt  an(i mmpkxity
associatcxi  wjth the AI X)l< systcm.
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On Dcccmbcr  8, 1992, the Galileo spacecraft ftcw past the Earth for the second time,
con~pletin8 its Venus-Earth-Earttr  gravity assis[ trajectory and placing it on a course
for ]upiter.  This paper discusses the orbit determination (01>) procedure leading up to
the Earth-2 cncountcr.  The 01> task involves fitting S-llanrl dopp]cr, range and AIIOR
tracking data to a mathematical model of the trajectory, and then projecting that
model forward to the cncountcr  time. Parameters estimated include. dlc state. at cpcxh,
solar radiation effects, and effects from the onhoard attiiudc  control subsystem. The
information obtained was used to design a series of four trajectory correction
maneuvers which adjusted the. orbit to achicvc  the desired ftyby conditions. The
paper concludes with a summary and discussion of [hc key orbit determination
solutions, showing a steady irnprove.rncnt  in 01> acuracy  as the spacecraft neared
encounter,

INTRODUCTION

The Galileo spacecraft was launched on October 18, 1989 LO begin a 6-year voyage to Jupilcr.  Due to the
low injection AV available from the Inertial Upper Stage (l[JS), Galileo had to usc a series of gravity
WkL$ to obtain enough energy to roach Jupiter. ‘lhc gravity 2KSkLS  were provided by onc flyby of Venus

.- and two flyby’s of Earth and wm called the VEWA (Vcntts-Earth-Eartf  Mravity-Assist)  trajectory [Ref. 11.
On Dcccmbcr  8, 1992, the (ialilco  spacecraft flew by the Earth for the second and final Lime to c.omplctc  tk
VEEGA trajectory which scm the spacctraft on its way to Jupiter.

The VJ%GA trajectory was designed to minimize the propellant nccdcd to get the spacecraft to Jttpitcr.
Sucmssful  completion of the VFXGA trajcztory  requires that the spacccmft  be kept relatively CIOSC to the
dc,signcd  trajectory, Orbit determination (OD) involves using several types of tracking data 10 comput.c  the
actual trajectory of the spacecraft and compare it to the nominal one. This information can then be used to
design maneuvers to achicvc the desired targets at the planetary encounters. For the Earth-2 fly-by, the
targeted aimpoint was at an altitude of 304 km over the south Atlantic ocean. A miss of only a fcw
kilometers would have required the trsc of additional propellant to corrrxt the flyby errors, This stringent
targeting rcquircmcnt  and the C1OW proximity of the flyby to the Earth required prcciso  navigation. In
addition, the navigation had to bc performed using only the Low Gain Antenna (1.GA)  duc to the failure of
the High Gain Antenna (HGA) to deploy. This paper details the OD process used to navigate Galileo
through the second Farth flyby.



DATA

The only means by which a spacxxafl’s  actual trajectory can be dctcrmirrcd  is by the usc of kdcking data.
‘lb-cc data types wcm cmploywl  for OD during the Fath-2 cncountcc  dopplcr, rarrgc, and ADOR (D&a
Differential One-way Range). Bccau.sc the L.GA was wed, these data types were at S-band fmqrcrrcics  ralhcr
than X-band (which is available only from the HGA).  Doppler data measures the frcxyrcncy shift caused by
the line-of-sight component of the velocity of the spacecraft with rc.spcct to the tracking station. Errors in
this data type arc caused by delays induced by the medium in which the signal travels, specifically by the
ionosphere and troposphere of the Earth. “l?rcsc  errors arc generally removed by calibrating the data with
extcmrd  information of the media delays, but residual noise still remains. Since S-band dopplcr data is
affcctcd  more by ionospheric and tropospheric delays than X-band dopplcr,  its noise ICVCI  is generally an
order of magnitude higher. For this phase of the mission, however, the dopplcr data was quite good with
the noise always under 1 mm/see for a 60-second count time. Ncvcrthclcs.s,  the dopplcr  dala was
nominally weighted at 2 mm/s to account for model deficiencies in the filter. Onc additional point to note
about the dopplcr  data is that the LGA is mounted such that it points along the spin axis of the spacecraft.
l’hc spinning of the antenna, bwausc it is in motion relative to the tracking station, imparts a dopplcr shift
to the signal. Tlris shift, or bias, sums linearly to the dopplcr shift caused by the translational velocity of
the spacecraft with respect to the tracking station. In the spacecraft’s usual, dual-spin configuration, a 109.5
mI1z bias is imparted by the spin [Ref. 2].

Range data is acquired by mcawrring the time between the transmission and reception at Earth of a ranging
signal. Since the point-to.point  accuracy of the rarrgc is dcpcndcnt on signal strength, the range data
suffcmd  morw than Doppler data from the unavailability of the I] GA. Duc to the disklnce  of ttrc spacecraft
from the Earth and the resulting signal-to-noise rat io, range was unavailable before June, 1992. From June
through early August, sporadic pawcs were obtained with the root-mean-square (rrns) of the noi.sc hovering
near a kilometer. Subsequently, range data was consistently available, and the point-to-point noise quickly
dccrcased  until it was about 1 m around the cncountcr.  However, station calibration errors and solar pl.mna
cffcCL$ tended to bias entire range passes by approximately 5-10 m. Operational y, the range data was
assigned an uncertainty of ltXl m. l“his accuracy, although much larger than its theoretical limit, was
considered adequate boarsc higher accuracies were not ncccs.sary for the encounter. Moreover, it was of the
.samc order of rnagnitudc  rE$ the uncertainties in the other data and trajc~tory  models u.scd  in the estimation
proctxs.  Therefore, dcwcighting the range to this Icvcl was onc way to prevent the introduction of
systc.matic  errors into the OD.

ADOR data is an intcrfcrornctric  data lype in which one-way rmrgc Ma from the spacecraft rwcivcd  at two
stations is diffcrcrmxt with similar sig[~ls from a nearby qua.sm [Rc.f. 2]. I’his diffcrcncing cffcctivcly
removes much of the atmospheric effects and gives a n-rca$urcmcnt of the angular separation of the
spacecraft from the quaw (who.sc position is WCII known). T’hc observable quantity in the ADOR
measurement is the time delay of the quasar signal observed at the two stations subtracted by the time delay
of the spacecraft signal at the same two stations. ‘1’hc mcasurcmcnt  is usually given in tcrnts  of distant.c,
obklincd  by multiplying tic time delay by the sped  of light. Acquiring nKxrsurcnlcnLs from the Goldstonc-
Canberra and Goldstonc-Madrid  baselines gives nearly perpendicular angular m&mnWrlcrlLs  in the planc-of-
the-sky. Thus, ADOR data provides additional information which is not directly observable by range and
dopplcr  data. Also, ADOR data rhcs not suffer from the well-known singularity affecting dopplcr  data
when the spacecraft is at or near W of ge~cntric  declination [Ref. 3].

ADOR was used successfully on the Earth-1 encounter where the angular information was desirable duc to
the low declination of the spacecraft for part of the approach trajectory [Ref. 2]. Although low declination
was not a pmblcm  during Earlh-2 cncourrtcr,  it was still dcciclcd  to incorporate ADOR dak? to irnprovc
accuracy. Originally, 21 points were .schcdulcd.  Of these, 19 were successful --10 points from the
Goldstonc-Canberra baseline and 9 from the Goldstonc-Madrid  bawlinc. ‘Ilrc  ADOR campaign started on
October 27, 1992 and ended on November 22, 1992. The prcdictcd  uncertainty for ADOR data was about
25 cm [J. Border, personal communication]. Operationally, ADOR data was wcighmd at 50 cm.



ORBIT DETERM1NATION STRATEGY

The navigation process begins with a pruisc nominal trajectory computed from integrating the equations of
motion with a detailed force medcl. In the OD procedure, the different types of tracking data arc used to
compare the actual trajectory with the nominal one. The residuals (ob.served values of the data minus the
predicted values computed using the nominal tmjcztory)  arc then used to adjust rnodcl  parameters using the
method of least squares to obtain a new, more accurate trajcztory.  Thus, the accuracy of the orbit
dctcrrnination  proccdurc  is dependent on the models used to propagate the spacecraft’s orbit as WCII as the
error sources affecting the data. The force models used to intcgmtc  the trajcztory  included the gravitational
attractions of the Sun, Moon and the nine planets, solar radiation pressure, and spacecraft propulsive events.
Ihc  gravitational effects included, in addition to the point mass  accclc,rations of the Sun, Moon and the nine
planets, the oblatcness  accelerations from the Earth and the Moon. Error sources affecting the data include
path length delays duc to the troposphere and ionosphere and errors associated with DSN station locations.

In the OD solution process, many of the parameters in the force model and error sources arc estimated to
provide a better orbit given the information provided by tic data and a-priori unccrlaintics  in those
parameters. Along with the estimate, the least-squares fomnulat ion provides the formal computed
uncertainty in the estimated parameters. If a pararricter is not estimated, it can be “considered”; in other
words, the a-priori uncertainty in these parameters is accounted for in the uncertainty of the solution, but it
is not improved and does nol affect the solution itself. For this portion of the mission, rhc stmdard
estimated parameters inchrdcd  the state, solar radiation pre.ssurc, and all propulsive events.

LJsing  a batch filter least-squares formulation, the state was estimated as the cartestian  components of
position and velocity at the initial epoch of the data arc. Solar radiation pressure was modclled  using a flat
plate representation of the spacecraft, and the estimated parameters in this model arc the specular and diffuse.
reflectivity cWfflcicnLs of the flat plate. Major propulsive cvcnLs included four Trdjcctory  Correction
Marrcuvcrs (TCMs).  Impulsive AVS were estimated for each of these cvcnL$.  Smaller propulsive events
inchrdwi  attitude update turns, propellant line flushings of the rctro-propulsion module (RPM), and turns
used for HGA anomaly recovery activities. Dr.rc to the wide bcamwidth  of the 1 GA, tic spacczraft  did not
have to be pointed directly at the Earth at all times, and attiturtc  update-s occurred rclalivcly  infre.qucntly.
The size of these turns was under 15°, and all were estimated individually using impulsive AV’S. I.inc
ftushings were u.scd  to clear the oxidan( lines  of the buildup of oxidanLs and occurred at roughly 25 day
intervals. Ile flushings have known magnitudes and directions which were input prior to fitting the data.
They gene-rally solved to within 1 nm~/s of their a-priori values. }IGA activities were larger turns (45° to
135°) used to point the spacecraft at an attitude which would either warm or cool the I]GA, and were treated
LIIC .sarnc as altitude update turns. The a-priori Unccrk?intics  in the estimated parameters arc listed in Table.
1.

Since the strength of the S-band data is not sufficient to estimate the media calibration errors, thtxc effects
were considered. Included are separate parameters for the wet and dry componcnL$  of the troposphere, and
day and night  components of the ionosphere at each station location. In addition, the station locations in
the cylindrical coordinate system (longitude, height above the equator, and distance from the Farth’s spin
axis) were also considered in the fihcr.  The a-priori unccrtairuies  in all the consider parameters arc included
in Table 1.

Finally, unique to this Earth encounter, atmospheric drdg cffecL$  also had to be taken into account because
of the low flyby altitude. This was done two ways; the first and simpler method was to usc an impulsive
AV in three Cartesian componcnLs occuring at the time of CIOSCM approach, and the second was to estimate
drag directly using an atmospheric model. Although the first method was artcquatc for opxational  purposes,
the second was needed in an attempt to pinpoint the contribution of atmospheric drag to the AV at perigee.

3
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TAB1.E 1
A-PRIORI UNCERTAINTIES IN TIIE  ESTIMATIW  AND CONSIDERED

PARAMETERS

. ..~IYmkm)
State (Cartesian position and velocity) ] 08 knl

Specular and diffuse radiation coefficients 109o of nominal solar radiation pressure value

TCMS 10% of nominal AV

Attitude update and HGA activity turns 2 mm/s, spherical

RPM’s 1 n~m/s along axial direction, 0.5 mn~/s  in the
other two components, constrained

c~
Troposphere 40 cm wet, 10 cm dry

lonosphcrc 75 cm day, 15 cm nighl

Station location 50 cm in spin radius, 6 m in z-height, 70 cm in
longitude

The results of the orbit determination arc generally mapped to the B-plane of the target  plancl.  ‘lhc B-p]anc
is defined as that plane intersecting the ccntcr  of the target body and normal to the incoming asymptote of
the spacecraft’s hyperbolic trajectory. The axes in this coordinate systcm  arc S, R, and 1, where S is. .
parallel to the incoming asymptote, R is normal to S arid normal to the Earth ecliptic of 1950, and T is
parallel to the Earth ecliptic of 1950 and normal to S such that T = R x S. This coordinate frame is
illustrated in Figure 1. The vector II points from the origin of the coordinate system to the point where the
incoming asymptote pierces the R-T plane (the R-plane). R*R
R and T axes, respectively.

z I\-Plane

and R*T arc the projections of R onto the

. .

- ~ Incoming +
Asymptote R

\u”B”R

‘B.T

Figure 1 : I)-l’lane I)efinition



MANEUVERS

As mentioned earlier, four TCMs were performed to target the spacecmft  from its post-Gaspra encowlter
trajectory to its final Earth flyby aimpoint  (Figure 2). To lower the probability of impacting the Earth, the
fmt two of these ~Ms 14 and 15) had “biawd” aimpoints  -- that is, they were deliberately targeted away
from the optimum flyby point such that the probability of impacting tic Earth was less than 1X10-6.
‘l~M-16  was the first maneuver to place the spacecraft on iLs correct flyby trajectory, and an additional
maneuver (TCM-17) was performed to clean up errors in TCM- 16. Figure 3 shows a plot of the change in
the Earth B-plane caused by each of the TCMs. T?Ic characteristics and aimpoints  in the Earth B-plane of
the ~Ms are shown in Table 2. The uncertainty in the aimpointi caused by a combination of OD and
maneuver execution errors, is also shown in the table.

TAB1.E 2
TRAJECTORY CORRECTION MANEUVERS PRIOR TO EARTII-2  FLYBY

Total AV Magnitude Sclcctcd Aimpoint  and
(Elk) UrlQXlahltY_fk@M.)

14 Aug 4, 1992 21.27 B*R = 1662 i 802 km
WT= -15,982 i 1067 km
TCA = 15:10:13i  376SCC

15 Oct. 9, 1992 0.72 B*R = 855.7 f 131 km
IIcT = -12,430.9 f 53 km
TCA = 15:10:43t  7 w

16 NOV. 13, 1992 0.89 B*R = 1097.4 i 25 km
R*T = -10,529.9 i 24 km
lCA = 15:09:25  + 2 wc

17 NOV. 28, 1992 0.03 B*R = 1097.4 + 4.2 km
MT=  -10,529.9 + 2.5 km
1’CA = 15:09  :25.0 t 0.1 SW

RESU1.TS

Table 3 shows the final OD solutions used to navigate the flyby. The solulion is given in the Earth B-
planc, along with the estimate for the Time of Closest Approach (1’CA),  given in UTC, on December 8,
1992, The uncertainties of the solution arc also provided Generally, a solution used to design a particular
maneuver also provided the reconstruction of the previous maneuver.

An initially disconcerting result of the analysis was the Iargc discrepancy bctwccn the I’CM- 14 aimpoint
and the actual trajectory as determined by 01M59, the post TCM- 14 solution (SCC Figure 4). The miss was
about 1445 km in the B-plane -- well atmve the l-sigma dispersion for the TCM-14 delivery. Detailed
analysis of the problcm  revealed the cause to be a combination of a timing error and an overbum in the
thrusters.

The cumulative effect of these two maneuver implementation errors is shown in Figure  4. The aimpoint
for TCM-14  is indicated, a$ well as the actual post-TCM-14  solution (labelkxl 0D#59). The spacecraft
timing error induced a 1600 km error in the B-plane, mainly in the B*R dircclion. Since Galileo is a
spinning spacecraft, a timing error in the thrusters is equivalent to an angular offscl  in the position of the
thrusters when they fire. The timing error was present in all subsequent maneuvers, but becrmc those
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maneuvers were fairly small, the effect of the error was well less than the uncertainty in the OD solution
and was neglected.

?le thrusters ako overburned by 1.3%, and this caused an 850 km error in the B-plane, primarily in the
B*T direction. As shown in the figure, the vector sum of the two B-plane offsets places the desired
aimpoint  within the 1 sigma uncertainly dispersion of OIM59.

01M62, the solution used to design TCM-I 6, was the tirsi to make extcmsive  usc of ADOR data during the
Earth approach. Seven poinw were fitted in the solution, of which four used the Goldstonc-Madnd  baseline
and the other three were on the GolcL$tone-Canberra  baseline. The effwt of using ADOR data on the B-plane
is shown in Figure 5, which compares solutions obtained with and without ADOR data. As can be seen in
the figure, the B-plane coordinates computed using ADGR  data was quite close to the radio only solution,
but the dispxsion  ellipse wzs considerably smaller. ‘Ilrc rms of the ADOR residuals was 20 cm, WC1l
within its pdlcted  uncertainty.

01M56

01M59

0DI#62

oDiw

0DM8

TAIII.E 3
ORIIIT DETERMINATION SOLUTIONS

QL?_Sdtttism
515192- B*R = -12296.5 f 435 km
7/16/92 B*T = -83521.8 f 101 km

TCA = 07:26:45  i 15 sec

817192- BoR = 361.2f  131 km
9/24/92 B*T = -15354.7 f 43 km

TCA=15:15:49f5sec

818f92  - WR = 696.0 i 23 km
1 1/2/92 R*T = -12.,369.1 t 12 km

TCA= 15:10:41  d. 1 see

10/1 5/92 - B*R = 1082.4 + 4.1 km
11/20/92 B*T = -10531.7 ~. 2.5 km

TCA = 15:09 :27.8 f: 0.1 SCC

11/29/92 - B*R = 1096.2+ 0.02 km

AND AIMPOIN”lS

l?tL@Qs!2
Design of TCM-14

Reconstruction of TCM-14
Design of TCM-15

Reconstruction of TCM-15
Design of l“CM-16

Reconstruction of TCM- 16
Design of 7“CM-17

Posl flyby reconstruction
12/10/92 B*T = -10,529.2 * 0,01 km

TCA = 15:09  :24.9 i 0,001 XC

.- 0D#62 was exoected to fall within the TCM- 15 dclivcrv,  W it did not. The sklbility  of the different.
solutions and the size of the residuals lent confidence to- ~;c 0D#62 solution. The question then arose as to
why the solution was slightly over 1 sigma away from the aimpoint  of TCM- 15. The timing and ovcrburu
error seen in TCM- 14 was too small in TCM-I 5 to explain the discrepancy. It had been determined
previous to the TCM- 16 delivery that the.re was a discrepancy between the dopplcr  and range solutioms. In
other words, a solution obtained from using only dopplcr  data did not match a range only solution within
their respective uncertainties. ‘IIis discrepancy disappeared m the spacecraft approached Earth, and was
completely gone by the time of the delivery. A very similiar  situation occured at the corresponding time
during the Earth-1 approach as WCII,  allhough  the discrepancy then was over 3 sigma. The error is possibly
due to the geometry of the approach, but as of tiis writing, a definitive explanation has not bmn found.

0D#64 used all 19 (10 GoMstone-Madrid,  9 Goldstone-Canberra) available ADOR points in the solution.
A comparison of the 0D#64 and a corresponding radio-only B-plane solutions is shown in Figure 6. It can
be seen that the addition of ADOR grcatty  improves knowledge of the trajectory. lhc dispersion ellipse of
0Dth54 is considerably smaller than what would have been obtained if ADOR were not available. This was
due to the fact that the veloeity  imparted by TCM-16 was nearly perpmdicular  to the Earth-line direztion.
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Because doppler and range cannot directly sense this motion, the 1’CM- 16 AV was poorly solved for in the
radimonly  case. When ADOR data was added, a good solution was obtained for TCM-16 and its
corresponding uncertainty was substantially reduced.

Fig~ 7,8, and 9 plot the doppler,  range and ADOR residuals for ODW$. The rms of the ADOR
residuals are about 21 cm, and no individual point is greater than 50 cm, The range and dopplcr residuals
am also fairly fiat, showing the three data types to be in agreement (the 5-10 m biases in the range is
primarily caused by solar plasma and station calibration errors). Based on this solution, TCM-17 was
implemented to target the spacecraft back to its desired course.

TCM-16’dispersion  ‘

TCM-I  7 dispe

L
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Figure  6: Final Flyby Results in the Earth  B-Plane
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. .
The oost ftvbv reconstruction of the traicctorv.  0D#68,  showed the soacecmft  to have missed the desired
aim~int  ~y hnly 1.4 km in the 13-pla~e (0.7 km altitude error) and 0.1 se-c in the time of closest approach
(see Figure 6). The data arc for 0D#68 started on November 29, one day after TCM- 17, and ended on
December 10, two days after the encounter. An important component of the reconstruction was to
determine the effects of atmospheric dragon the spacecraft. Ilis was necessary first to obtain an accurate
trajectory for targeting to the astcmid  Ma, and second to determine if an anomrd  y observed at the Earth- 1
encounter repeated itselr. For the former purpose, drag was estimated simply a.. an impulsive AV placed at
the time of closest approach. Using this mcthcd,  the total magnitude of the AV during encounter was found
to be 5.94 mm/s. The majority of this was in the direction opposite to the velocity vector, with a
magnitude and uncertainty of 5.89 t 0.08 mm/s.

.Z
Although this result was adequate for operational purposes, il does nol distinguish the causes of the AV at
the encounter. Thus, analysis was undertaken to quantify the effects of drag during encounter. The
simplest way to estimate drag directly is to introduce the drag ezptation  into the force models. ~’hen, the
drag coefficien~  CD, can be estimated, assuming fixed vahres for the atmospheric density, spacw-aft area
and mass. Using the computed CD and values for the other parameters, the acceleration caused by drag can
be found. The acceleration profile is then integrated to obtain a value for AV, which was found to be 6.0 i
0.5 mnl/s.

A separate study was ako done to get a purely deterministic estimate for the AV caused by drag. The
Jacchia-Roberts model wax used to compute the density of the atmosphere using solar and geomagnetic
activity for the time period surrounding the encounter. ‘I’hen, using values for the spacecraft’s drag
coefficient and area, the trajectory was integrated and compared to a trajcztory  without any drag. The results

_ ——_—— ————  ——.. _-— ———..  —
* llre post-flyby raxmstroction  of the I%rth-  1 flyby showed evidence of a velocity increme  at closest approach of
approximately 3 -4 mrrds. No cause has yet been determined for this anomalous frnding.
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yicldcxl  a prcdictcd  AV due to drag of 6.21 t 4.04 rends. ‘I’his value is consistent with the values
described above. The large uncertainty is dominated by the unccrtaint  y in the atmosphere al the altitudes
through which the spacecraft flies. Without better knowledge of the atmosphere, it is unlikely that the drag
can be quantified with any more accuracy.

CONCLUSION

Galihm  was successfully navigatul  through the Froth-2 cncountcr  using a combination of dopplcr,  range and
ADOR data. The final Earth-2 encounter was only 1,4 km in the B-phnc and 0.1 seconds from the planmxl
target. In addition, the high accuracy with which the spacwraft  was placed on its optimum flyby
trajectory resulted in the cancellation of TCM-I 8, the maneuver scheduled two weeks aflcr the EartJ1-2
cncow~tcr to clean up errors in TCM- 17 and the flyby.

The reconstruction of the first  Earth-2 targeting maneuver showed for the first time evidence of a slight
timing errur in the thruster firings. Future maneuvers of this type will be designed to alleviate this error.
The remaining three Earth-2 flyby maneuvers performed nominally. Ihc three methods used to account for
atmospheric drag result in similar results. Ncverthclcss,  a AV anomaly of the type seen at Ihrth- 1, if it
occurred, could not be resolved duc to the uncc~intics  in the drag for the 13arth-2  flyby.
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